A crude RNA polymerase preparation was made from HeLa cells infected for 3 h with poliovirus. All virus-specific RNA 
The mRNA's of eukaryotic cells and many viruses have been shown to contain 3-terminal poly(A) sequences (see 14 for review). The single-stranded RNA genome of poliovirus also has a sequence of poly(A) at its 3' terminus (1, 17) . In a previous paper (12) we examined the content, size, and mechanism of synthesis of the 3-terminal poly(A) on the various intracellular species of poliovirus RNA: virion RNA, replicative intermediate (RI) RNA, double-stranded "replicative form" (dsRNA), polyribosomal RNA, and total 35S plus strand cytoplasmic RNA. The evidence presented in that paper demonstrated that all species of poliovirus RNA contained poly(A) and suggested that poly(A) is added to 35S RNA molecules in the replication complex.
To analyze further the mechanism of synthesis of poliovirus poly(A), we prepared a crude poliovirus RNA polymerase from cells infected for 3 h (8) . In this preparation, the polymerase is bound to RNA and therefore does not respond to or require the addition of exogenous RNA for further nucleotide incorporation. In the presence of four ribonucleoside triphosphates, three species of poliovirus-specific RNA are labeled in this crude polymerase preparation: 35S singlestranded RNA, dsRNA, and RI RNA (8) .
The experiments presented here demonstrate that all species of poliovirus RNA synthesized in vitro contain poly(A) sequences and provide further support for the replication complex as the site of synthesis of poliovirus poly(A). The length of these sequences of poly(A) resembles that on the same species synthesized in the infected cell late in infection (4 to 5 h postinfection). We also present evidence that there is terminal addition of poly(A) to preexisting cellular RNA molecules in the extracts prepared from both infected and uninfected cells.
MATERIALS AND METHODS
Cell culture and infection with poliovirus RNA. The growth of suspended HeLa cells in Joklik modified minimal essential medium plus 7% horse serum and their infection by type 1 poliovirus in the presence of 10 ug of actinomycin D per ml has been described (3, 12) . Three hours after infection, 8 x 108 infected cells were washed by centrifugation two times in Earle 1432 saline. They were then resuspended in 32 ml of RS buffer (0.01 M Tris, pH 7.4, 0.01 M NaCl, 1.5 mM MgCl,). After 10 min at 0 C the cells were broken with a Dounce homogenizer, made 5% in glycerol, and stored in 1.5-ml aliquots at -90 C to be used in the in vitro reaction mix.
Conditions for enzyme incubation and assay. The procedure was essentially that of Baltimore (2) . A 1.5-ml aliquot of the frozen infected cell homogenate was thawed and the nuclei and cell debris were removed by centrifugation (1,250 rpm for 5 min in the PR-6000, International centrifuge). The supernatant was then centrifuged at 130,000 x g for 45 min at 4 C in the 65 rotor in a L2-65B Spinco ultracentrifuge. The pellet was resuspended in 1.5 ml of 8 mM Tris-hydrochloride (pH 8.0), 8 mM NaCl, and 5% glycerol. The standard 0.2-ml reaction mixture consisted of 0.14 ml of this crude RNA polymerase preparation (80 to 140 ;tg of protein as determined by the method of Lowry et al. [10] (20) . This solution was then adjusted to 20 mM EDTA, 1.0% SDS, 10 mM Tris-hydrochloride (pH 7.3), and 2 M LiCl and was placed at -20 C overnight.
From the LiCl precipitate, the RI and singlestranded RNA were purified by chromatography through 2% agarose followed by velocity sedimentation of the single-stranded RNA through a 15 to 30% sucrose gradient in 0.5% SDS buffer (12) . From the LiCl supernatant, the dsRNA was purified by chromatography through 2% agarose followed by velocity sedimentation of the excluded RNA through a 15 to 30% sucrose gradient in 0.5% SDS buffer (12) .
Binding of viral RNA to poly(U) filters; isolation, acrylamide gel electrophoresis, and determination of chain lengths of poly(A). These procedures have been described in detail previously (11, 12 15, 1975 labeled as suggested previously (8) . Most [3H]uridine-labeled virion RNA was prepared as described previously (12 (Fig. 2B) .
The distribution of sedimentation rates of the [3H]AMP-labeled single-stranded RNA ranged from 35S to less than 18S but included a peak at 35S (Fig. 4A) . This was in contrast to the sharp 35S peak of [3H ]GMP-labeled single-stranded RNA (Fig. 3B) Fig. 4A ), less than 28S RNA (see Fig. 4A To investigate the size of the poly(A) sequences on the RNA species labeled in vitro, the poly(A) which resisted digestion by pancreatic plus T, RNases was bound to poly(U) filters, eluted, and subjected to electrophoresis in 10% polyacrylamide gels (Fig. 5) . The poly(A) from the 35S RNA and less than 28S RNA both had heterogeneous size distributions ranging from 50 to 250 nucleotides. In contrast to this heterogeneous distribution, the poly(A) from both the RI and the dsRNA migrated as relatively homogenous peaks approximately 200 nucleotides in length. The distribution of the poly(A) on the in vitro labeled 35S, RI, and dsRNA is very similar to that seen on the same species labeled in the infected cell with [3H ladenosine late during the infection cycle (4 to 5 h) (12) .
Size of poly(A) on the in vitro product as a function of time. In the preceding paper (12), we showed that the size of the poly(A) on the RI at the time the polymerase extracts were made (3 h postinfection) was 50 to 125 nucleotides whereas that on the RI isolated after 4 h of To investigate further the possibility of terminal addition, we denatured and digested with pancreatic plus T, RNases the RI, dsRNA, 35S RNA and less than 28S RNA labeled with ['H ]AMP in the absence of the other three nucleoside triphosphates ( Table 2 , column 2). All of these species displayed greater than 79% RNase resistance. Most of the material which was RNase resistant bound to and eluted from poly(U) filters indicating that it was truly poly(A) and not just ['HJAMP-labeled dsRNA (data not shown). The size of the poly(A) on the 35S and less than 28S RNA synthesized in the absence of three nucleoside triphosphates ( Fig.  7A and B) was virtually identical to that seen on the less than 28S RNA synthesized in the presence of four nucleoside triphosphates (Fig.  5B) . The larger sequences seen when the other three nucleoside triphosphates were present were lacking from the 35S RNA poly(A). The size of the poly(A) on the dsRNA and RI (Fig.  7C and D) As a direct test for terminal addition of poly(A), we isolated the less than 28S RNA poly(A) from gels similar to those seen in Fig.  5B and 7B, digested the material with KOH and subjected it to electrophoresis to determine the amount of radioactivity in adenosine and AMP (Table 3 ). The ratio of amount of radioactivity in AMP to adenosine is a direct measure of the chain length of newly synthesized 3'-terminal poly(A). From the migration of this poly(A) on gels we would have expected an average chain length of 100 nucleotides. However, the adenosine/AMP ratio of the poly(A) on less than 28S RNA synthesized in the presence of the other three nucleoside triphosphates was Y15 and in their absence was Y5. As a control, we determined that the adenosine/AMP ratio of the poly(A) found on virion RNA was !'h which agreed with the estimated chain length from the migration of the poly(A) in 10% polyacrylamide gels (12) . The adenosine/AMP ratio of the poly(A) on the other species of RNA was not determined because there was too little radioactivity in the poly(A) isolated from the gels to (12) . The value for adenosine and AMP of IS RNA; (C) dsRNA; (D) RI RNA.
virion RNA are taken from (12) . The experiments showing the size of the poly(A) on the in vitro products as a function of time suggest that the switch to the synthesis of larger poly(A) sequences on the RI occurs immediately in the in vitro extract, but that only newly synthesized molecules with the largest poly(A) remain attached to the RI during the isolation procedure.
In the absence of CTP, UTP, and GTP, the RI RNA, dsRNA, and 35S RNA are labeled with [3HI]AMP. Over 79% of this label is resistant to RNases, and the size of the poly(A) on the dsand RI RNA is the same as in the presence of all four triphosphates. The poly(A) on 35S RNA lacks the larger sequences seen when the other three nucleoside triphosphates are present. From these results, it appears that poly(A) can be added to both newly synthesized and preexisting RNA molecules. of the larger sequences. An analysis of the ratio of adenosime to AMP in the poly(A) on this RNA, however, indicates that only 15 to 25 nucleotides of newly synthesized poly(A) have been added. This RNA probably represents HeLa cytoplasmic RNA to which small lengths of poly(A) have been added. In vivo cytoplasmic polyadenylation in the presence of high levels of actinomycin D has been observed in Chinese hamster and mouse sarcoma 180 cells (6) .
The replication complex is a membranebound structure which is the intracellular site for viral RNA synthesis (9) . In the experiments reported here, the 130,000 x g pellet from cytoplasmic extracts of infected cells was incubated in vitro. Such a preparation contains both the replication complex and other membranebound structures. The finding that the RNA made by the extracts is adenylated suggests that the poly(A) adding activity is membrane bound and probably associated with the replication complex.
There are two possible mechanisms by which adenylation of product RNA might occur in vitro. First, virus-specific polymerase may transcribe poly(U) sequences found in the minus strand of the dsRNA (16, 18) and the RI (19; D.H. Spector and D. Baltimore, manuscript in preparation). The appearance of large poly(A) on the RI and dsRNA in the absence of UTP, CTP, and GTP would then arise from the synthesis of poly(A) by slippage of the poly(A) over poly(U) sequences in the minus strand by a mechanism similar to that reported for the Escherichia coli DNA-dependent RNA polymerase system (4). Second, AMP residues could be added sequentially to the 3' ends of RNA chains. An enzyme(s) capable of such action has been described in a variety of mammalian cells (5, 7, 13, 15) .
The observation that there are fewer large poly(A) sequences on 35S RNA molecules labeled with [3H ]AMP in the absence of the other three nucleoside triphosphates suggests that the largest poly(A) sequences are only added to newly synthesized 35S RNA molecules on the RI.
